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ABSTRACT 


In electric vehicles’ powertrains, bearings can be susceptible to failure more rapidly than some of the other components mainly because of accelerated fatigue, 
corrosion and wear. Specifically, due to much severe operating conditions (including high speeds, torques, temperatures) of such vehicles combined with the 
presence of an electrical environment in which uncontrollable or stray electrical currents discharge through the contact interfaces can further exacerbate the situation 
and reduce their service lives by triggering much severe adhesive, abrasive and oxidative wear. In this work, we explore the effects of DC current discharges through 
the contact interfaces of AISI 52100 bearing steel using a novel two-electrode cell-based micro-abrasion tester under electrified dry and boundary lubricated contact 
conditions. A mineral base oil (as a reference), a gear oil and an automatic transmission fluid (ATF) with different dielectric strengths were tested under unelectrified 
and DC electrified (1.5 A) conditions. Overall, our test results suggest that passing DC current increases coefficient of friction (CoF) and wear of dry sliding contacts 
while it slightly reduces CoF but increases wear significantly for lubricated contacts due to accelerated oxidation by electrification. SEM, Raman spectroscopy and 
non-contact optical profilometry were used for analyzing the physical and chemical nature of worn surfaces and understanding of the specific wear modes and 


mechanisms. 


1. Introduction 


Electric vehicles (EVs) have lately gained overwhelming interest 
from around the world as a viable solution for reducing greenhouse gas 
emissions and to achieve higher efficiency and a cleaner and healthier 
environment in the transportation and energy production sectors. 
Although EVs offer a substantially higher efficiency in terms of energy 
consumption, there are still some big challenges related to further 
increasing their energy efficiency and most importantly overcoming 
accelerated powertrain failures caused by the much harsher operating 
conditions involving not only higher speeds, torques, and temperatures 
but also the presence of stray currents and voltages passing through the 
bearings and shafts [1,2]. These stray currents and voltages are known 
to be variable depending on each EV powertrain and electronics system. 
For instance, the amplitude of stray currents (with the nature of short 
circuit) produced in a 1.5 kW induction motor has been reported to vary 
between 0.2 and 1.4 A [3]. Previous research demonstrates that friction 
and fatigue failures of bearings and gears are significantly influenced by 
the presence of shaft currents and voltages in different tribosystems 
[4-7]. In fact, it was found that in EVs, electromagnetic stimulation 
provided by electrical/electronic hardware can significantly degrade the 
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powertrain performance and reliability [8-10]. 

Depending on the hardware and powertrain architectures, electric 
motors (EMs) can produce shaft currents and voltages with variable 
intensity and duration during their operations. For example, shaft cur- 
rents are largely generated by magnetic flux asymmetry, inverter- 
induced voltage and electrostatic effects (including tribo- 
electrification) [10]. Magnetic flux asymmetry (deviation in the mag- 
netic pole distribution as caused by inconsistencies in the shaft design, 
manufacturing and installation [11]) may also generate a low frequency 
voltage wave caused by asymmetrical windings. 

Inverter-induced voltages also cause a common-mode voltage 
waveform due to unbalanced operation of the EM inverter. More spe- 
cifically, they arise from the high frequency switching rates of the in- 
verters causing current leakages, also named as shaft currents by 
unconsumed inputs into the EM [10]. Finally, triboelectrification is 
produced by rubbing dissimilar dielectric materials accumulating and 
storing electrical charges. In such systems, an electric discharge can 
occur during sliding and creates friction and wear rate alterations 
especially when the electrostatic field surpasses the dielectric strength of 
the lubricant films [11-13]. 

All the above shaft current and voltage sources are likely to have an 
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Fig. 1. a) Schematic view of the ball cratering test set-up; b) illustration of the two-electrode cell configuration. 


Table 1 

Tribological test conditions. 
Sliding condition Dry Lubricated 
Load (N) 3 20 
Sliding speed (m/s) 0.1 0.1 
Oil feed rate (ml/s) - 0.08 
Room temperature (°C) 21.5+1 21.541 
Sliding distance (m) 80 480 
Room relative humidity [%] 35 35 
DC Current (A) 0, 1.5 0, 1.5 
Repeat tests 4 4 

Table 2 


Dielectric strength for the oils tested (perhaps include the viscosity etc. info here 
as well). 


Mineral base oil Gear oil API ATF 


(ExxonMobil EHC 65) GL-5 Dexron® 3 
Dielectric strength 24 + 2.6 19.9 + 3.9 19459 
(kV) 
Viscosity at 40 °C 42 145 37 
(cSt) 
Viscosity at100°C 6.5 14.7 6.8 
(cSt) 


adverse impact on the friction and wear of EV tribological components 
(e.g., bearings, gears, synchronizers, etc.), especially on those conduc- 
tive sliding interfaces. Historically, different research groups have 
looked at the effects of electrification on friction and wear of lubricated 
interfaces through different triboelectrochemistry techniques [5]. 
Although most of the knowledge gained has been found for interfaces 
lubricated with aqueous lubricants with relatively high electrical con- 
ductivity, the mechanisms by which electrification can influence friction 
and wear are also likely to be equally applicable for non-aqueous 
gaseous and solid lubricants. The key reported mechanisms or theories 
have so far been centered, in general, on the promotion of 


w 
° 
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adsorption/desorption of polar additives on tribological surfaces and 
stimulation or suppression of redox reactions at rubbing interface due to 
either oxygen in air or lubricant additives [5,14-16]. 

Recently, with the global transition towards electromobility, the 
tribology community has been exploring a variety of tribo- 
electrochemistry techniques to get a better mechanistic understanding 
of the effects of electrification on the tribological behavior of some 
critical mechanical components from EVs powertrains under specific set 
of realistic or simulated operating conditions. For example, Cao-Romero 
et al. [17] studied the DC current effects on the sliding wear of gear 
materials in a two-electrode cell-based pin-on-disc tester under bound- 
ary lubrication conditions using a gear oil. They found that the applied 
DC current generated a decrease of friction coefficient but a significant 
increase in wear due to excessive surface oxidation, which accelerated 
wear by the abrasive action of oxidized debris particles and further 
decreasing the service-life of the powertrain. Esmaeili et al. [18] 
investigated the electrical discharges in an oil-lubricated steel-steel 
rolling contact under a wide range of electrical and mechanical test 
conditions. The results confirmed that the discharge events between the 
rollers are influenced by temperature, load, and speed due to changes in 
the lubricant film thickness and contact interface, also reducing 
service-life by accelerated fatigue. For example, Holweger, et al. [19] 
performed deep groove ball bearing tests under non-electrified and 
electrified elasto-hydrodynamic lubrication conditions with full film 
lubrication using a gear oil to understand the appearance of white 
etching cracks during rolling contact fatigue. The results suggested that 
under condition of electrically charged rolling contact fatigue tests, the 
formation of cracks and crack networks were significantly accelerated in 
contrast to the non-electrified tests, thus significantly reducing the 
number of load cycles until a premature failure occurs. 

In EMs, in particular brushless EMs, the most critical tribological 
components are ball and roller bearings [1]. They are known to fail by 
rolling contact fatigue, corrosion, overloading and wear; the last 
appearing in the form of abrasive and adhesive wear, as well as fretting 
wear and corrosion [20]. Adhesive wear occurs mainly at roller ends and 
in the microslip zones. It involves the transfer of material between the 
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Fig. 2. (a) Friction coefficients and (b) wear volumes obtained from the dry and lubricated tribological testing under unelectrified and electrified conditions. 
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Fig. 3. Example of a wear scar formed under unelectrified dry condition: (a) Raman spectra obtained from zones A and B as pointed out in the scar; (b) SEM images 
showing the morphology and wear patterns identified in the scar; (c) wear scar topography obtained by optical profilometry. 


ring raceways and the rolling elements and is caused by the angular 
acceleration of the rolling elements upon entering the load zone. During 
the evolution of adhesive wear, abrasive wear may also occur as the 
transferred particles become detached and get into the sliding contact 
interface and start causing third-body wear. In this sense, although roller 
bearings are, in general, more prone to failure by rolling contact fatigue 
[18,19], electrification could also reduce their service-lives by having 
adverse effect on other failure modes such as adhesive and abrasive 
wear, which has not been studied systematically before. This work aims 
to explore the electrification effects on the lubricated sliding wear 
(including oxidational, adhesive and abrasive wear) of bearing steel 
interfaces; results obtained may be useful for interpreting the actual 
wear processes in EVs’ powertrains in which stray currents are likely to 
occur. For this, a novel two-electrode cell-based micro-abrasion tester 
was set up to reproduce sliding bearing steel point contacts under 
controlled boundary lubricated and electrified environments. 


2. Methods and materials 


Dry and lubricated sliding wear tests were carried out in a modified 
micro-abrasion wear tester with fixed-ball configuration and instru- 
mented with a load sensor (1 kg, +0.15% full-scale output) for friction 
measurements. The schematic view of the test set-up is illustrated in 
Fig. la. The tester configuration is effective to simulate the sliding non- 
conformal contact of a ball bearing against a static flat countersurface 
(replicating a raceway in a bearing assembly). More specifically, in these 
tests, a flat sample is loaded against a rotating 25.4 mm diameter ball 
sample with a predetermined normal force and speed during certain 
number of cycles, while lubricating oil is fed to the sliding interface at a 
predefined rate using a peristaltic pump, keeping continuous lubrication 
of the contact interface during the entire test. As a result of this, a cir- 
cular wear scar is produced on the flat sample under the boundary 
lubricated sliding condition for further microscopic and chemical ana- 
lyses. The flat sample is firmly attached to an electrically insulating 
plastic (Polylactic acid (PLA)) holder plate positioned at the bottom of a 
pivoted L-shaped arm. The load sensor is fastened to the plate and to a 
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Fig. 4. Example of a wear scar formed under electrified dry condition: (a) Raman spectra obtained from zones A and B as pointed out in the scar; (b) SEM images 
showing the morphology and wear patterns identified in the scar; (c) wear scar topography obtained by optical profilometry. 
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Fig. 5. Friction coefficient behavior obtained for unelectrified and electrified 
dry testing conditions. 


metallic support fixed to the L-shaped arm for monitoring and recording 
the tangential (friction) force through a data acquisition system. The 
normal load is applied by a weight stack hanging on the horizontal lever 
allowing the application of a constant load during the test. The steel ball 


is clamped under pressure between two coaxial steel driving shafts 
ensuring electrical conductivity between the shafts and the ball. The 
shafts are rotated by a controlled speed electric motor. For the electrified 
conditions, the tester was adapted to operate as a two-electrode cell: ball 
being the working electrode while flat sample being the counter elec- 
trode, as it is illustrated in the schematic view in Fig. 1b. In EVs, both DC 
and AC electric motors can be used; the second being the most popular 
for modern EV powertrains [1]. In this research, we selected the appli- 
cation of DC current to discover the effect of a well-controlled or con- 
stant current (a simple electrical system arrangement) on the 
tribological behavior of lubricated bearing steel sliding pairs as a first 
research approach. Varying the type of current (DC or AC) and their 
magnitudes to approach a more realistic situation in EVs is a topic of 
ongoing research in our group. DC current was applied in the tester by a 
power supply (Keithley® 2230-30-1), which is able to apply constantly 
high magnitudes of current across the lubricated contact in the 
two-electrode cell arrangement. The electrical continuity (presence of a 
complete path for current flow) was monitored with a digital multimeter 
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Fig. 6. Morphology of typical wear scar obtained by lubricated testing using pure mineral oil: (a) unelectrified; (b) electrified. 
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Fig. 7. Morphology of typical wear scar obtained by lubricated testing using gear oil: (a) unelectrified; (b) electrified. 


=m 100 um 


to assure presence of electrical discharges at the sliding interface during 
the whole test. This electrical set-up arrangement is known as the most 
practical for applying electric potentials, U, to influence friction and 
wear in realistic, oil-lubricated systems [5]. A carbon brush was used to 
provide continuous electrical conductivity to the rotating ball sample by 
sliding against one of the driving shafts. The flat sample was connected 
to the power supply using a wire. 

The test conditions are described in Table 1. They were able to 
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-3.559 um_ 


= 10 um 


generate boundary lubrication regime (A<1) for all the experiments 
according to the theory and equations reported in Refs. [21,22]. The 
conditions were carefully determined by considering some assumptions 
and experience from several pretesting trials. The load was selected 
because it was estimated to generate maximum hertzian pressures below 
the yield strength (>0.6 Gpa) of the AISI 52100 steel for both dry and 
lubricated contacts. It was helpful to avoid plastic deformation and 
micro-fractures by the contact stress at the beginning of the test. The 
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Fig. 8. Morphology of typical wear scar obtained by lubricated testing using ATF oil: (a) unelectrified; (b) electrified. 


sliding distances were chosen to generate measurable wear scars with 
significant worn volumes under the loads selected and make more pre- 
cise wear volume estimations. Also, they were helpful to cover not only 
the initial run-in period but also the steady state and later stages of a 
typical pin on disc experiment to see if there were any major differences 
or transition in wear mode or mechanism. The sliding speed does not 
represent any specific application, it was selected to run tests under the 
medium speed capacity of the tester. The applied oil feed rate was 
suitable to form a continuous lubricating film onto the ball during the 
whole test. The temperature and humidity correspond to room condi- 
tions. Although DC currents lower than 1.5A are also able to alter wear 
and CoF, the DC current (1.5A) was able to generate a quick significant 
difference in wear and CoF under the sliding distances stated. It was 
useful to save testing time. Finally, four test repeats were carried out for 
each condition, and the error bars on all figures showing the results 
represent the standard deviation. 

In order to reproduce the interface of a conventional rolling element 
against a ring raceway, both ball and disc specimens were made of the 
same material: AISI 52100 steel (chemical composition: 96.5-97.32% 
Fe, 1.3-1.6% Cr, 0.98-1.1% C, 0.25-0.45% Mn and 0.15-0.3% Si; HV = 
848 (8.3 GPa), E = 210 GPa and surface roughness (Ra) = 0.03 um). 
Three different oils were tested: a base oil, a commercial gear oil and an 
Automatic Transmission Fluid (ATF). The oils were characterized in 
terms of their dielectric strength by using dielectric breaking tester 
(Megger® OTS60SX) at a temperature of 36 °C by following the ASTM 
D1816 standard method. Five measurements were conducted on each 
oil. The viscosity and obtained dielectric strengths for the oils are pre- 
sented in Table 2. Further, the resulting scars on the flat samples were 
examined in detail by Raman spectroscopy (Renishaw Raman micro- 
scope, RE04), scanning electron and energy-dispersive X-ray microscopy 
(Jeol SEM microscope, JSM IT-200) and non-contact profilometry 
(Brucker profilometer, Contour GT). 


3. Results and discussion 
3.1. General observations 


The friction coefficient and wear volumes obtained for the different 
test conditions and oils are shown in Fig. 2a and b, respectively. In 
general, it was found that the applied DC current caused significant 
variations in the CoF and wear volumes of 52100 steel test pairs. Even 
under dry test conditions, both friction coefficient and wear volume of 
these test pairs increased significantly (i.e., about 100% and 50% in- 
creases in CoF and wear volume, respectively) by applying DC current. 
In contrast, CoF decreased slightly in a range of 10%-40% under 
lubricated conditions, but wear was increased enormously (i.e., ranging 
from 100% to 400%) for all the lubricants tested under electrification. 


3.2. Dry sliding 


Fig. 3a-c and 4a-c show the representative images of physical 
morphology and topography of the wear scars formed under unelectri- 
fied and electrified dry conditions, respectively. All the wear scars 
generated under applied DC current exhibited significant oxidation (as 
evidenced by Raman Spectrum above the wear scar images) and the very 
larger accumulations of adhered oxide particles on rubbing surfaces 
(Fig. 4a—c) potentially causing more severe abrasion in comparison with 
those surfaces that were not electrified (Fig. 3a—c). In contrast, the wear 
scars produced with no electrification exhibited only few debris being 
generated and accumulated around the edges of the wear scars with 
minor abrasive wear or scratch marks along the sliding direction. Very 
few oxidation products were found in and around the scratches identi- 
fied in the wear scars (see Raman spectrum in Fig. 3a), meaning that 
oxidation and related-wear were not as severe as those produced by 
electrified sliding which has caused severe oxidation (see Raman spec- 
trum in Fig. 4a) and abrasive wear (Fig. 4b). 

According to the non-contact 3D surface profilometry analyses, all 
the wear scars produced under electrified contact conditions exhibited 
lots of wear debris particles on sliding surfaces and many irregular 
scratches in the direction of sliding; the initial part of the scratch is 
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Fig. 9. Friction coefficient behavior obtained for unelectrified and electrified 
lubricated testing using different oils: (a) mineral oil; (b) Gear oil; (c) ATF. 


sometimes wide and continuous, and the ends of the scratch are sharp 
and intermittent due to mechanical scraping presumably caused by 
oxide and debris products scoring in the direction of sliding, as shown in 
Fig. 4b. This may be viewed as evidence of the occurrence of a pattern 
usually known as spark track, which may initiate by debris blasted out of 
the surface by electrical discharges in electrified sliding contacts [23]. 
Thus, the increase of wear by electrification in dry condition can be 
ascribed to a more rapid oxidation of the surfaces, and consequently, a 
quicker promotion of three-body abrasion caused by oxide particles 
trapped at contact interfaces as opposed to the non-electrified sliding 
contacts where a relatively less oxidation and hence abrasive wear had 
occurred. 
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Based on the tribological results and surface analytical observations 
from the dry sliding tests discussed above, we believe that initially an 
oxide film forms which may be passivating and protecting the surface. 
However, it is removed under the influence of high pressure and shear 
during sliding and turns into loose wear debris particles which can 
abrade the surface, and thus accelerating wear rate and increasing CoF 
[24]. The actual CoF of dry sliding contacts is shown in Fig. 5. Note that 
the running-in stage of the electrified dry sliding contact is much more 
prolonged than that of the unelectrified dry contact. This is mainly 
because of the much accelerated and potentially thicker oxide-film 
formation with the aid of electric current passing through the contact 
interface as opposed to the unelectrified sliding case. The accelerated 
oxidation is most likely due to more electrons being available to favor or 
increase oxidation process and kinetics, due to electric current 
discharge, the interface may have also been heated up more than the 
non-electrified conditions and thus increasing thermal activation for 
oxidation. However, from Fig. 5, it is also clear that the presence or 
accumulation of large amounts of oxide debris at sliding contact in- 
terfaces causes large fluctuations in friction and also keeps the friction 
coefficient significantly higher. 

It is noteworthy that iron oxide particles can be as hard as or even 
harder than the 52100 steel being tested depending on the oxide type 
formed. To identify the type of oxides formed by the electrified sliding, 
Raman spectroscopy analyses were conducted on the wear debris 
products which were found on the wear scars. The spectra obtained from 
these debris can be seen in Fig. 4a. It was found that most of the Raman 
bands corresponded to those of the hematite («-Fe203). The character- 
istics Raman bands reported for hematite are 227, 293, 409, 498, 611, 
658 and 1320 cm“! [25,26], which were also well identified in the 
spectrum in Fig. 4 as obtained from the debris particles of the electrified 
interface. Although FeO may have been an initial oxidation product, as 
more oxidation reaction proceeds, then the formation of Fe2O3 is ex- 
pected to become thermodynamically more favorable. The typical 
values of hardness of hematite (in its pure/natural form) are about 8.2 
GPa while that for a complex hematite oxide (as a corrosion product in 
which iron hydroxides may also exist) are around 2.7 GPa [26]. Hence, 
comparing the hardness of hematite to the AISI 52100 steel (HV = 848 
(8.3 GPa)), the hematite-type iron oxide formed on electrified interfaces 
has a slightly lower hardness than the steel surfaces. Overall, the 
hematite-rich oxide particles or debris formed by electrification were 
very harmful as they significantly accelerated the wear. 


3.3. Lubricated sliding 


The wear scars formed during testing in different lubricants under 
unelectrified and electrified conditions are shown in Figs. 6-8. In case of 
unelectrified test conditions, the wear patterns were very similar. 
Briefly, consistent minor abrasive wear marks in the sliding direction 
were found over the entire scars. On the other hand, the scars produced 
under electrified conditions exhibited more extensive abrasive and ad- 
hesive wear patterns, which together triggered more severe wear losses 
as shown in Fig. 6b. It was evident that the wear scars produced by 
electrified condition were larger in size. However, the CoF behavior for 
all the oils exhibited a slight decrease by electrification as shown in 
Fig. 9a—c. According to our observations, the reduction of CoF promoted 
by the DC current applied can be ascribed to the fast and easy formation 
of an oxide tribofilm (the case of pure mineral oil) or a combination of 
oxide-rich tribofilm from the anti-friction and wear additives (in the case 
of formulated gear and ATF oils). Reduced contact pressure due to 
increased contact area and hence a less severe boundary regime might 
also be the reason for lower friction coefficients observe on electrified 
cases. Lastly, electrification may have facilitated the formation of more 
effective boundary films through the activation of anti-friction additives 
by flash temperature increase at the real contact spots where the electric 
current is mostly discharged. 

To investigate the chemical nature of the tribofilms and wear 
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Fig. 10. Comparison of the Raman spectra obtained for the wear scars produced by using different oils in unelectrified and electrified conditions: (a) pure mineral 
oil; (b) gear oil; (c) ATF. 
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Fig. 11. Relationship of tribological behavior to dielectric strength of lubricants: (a) friction coefficient; (b) wear volume. 


products formed, the wear scars were analyzed by Raman spectroscopy. the mineral oil or ATF, which can be related to the much reduced for- 
The obtained spectra for the scars produced by using each oil are shown mation of iron oxides as shown in the Raman spectra obtained. Ac- 
in Fig. 10a—c. The same peaks corresponding to hematite oxide were still cording to the results from Raman studies alone, the more 


present in the spectra for pure mineral oil and ATF under both unelec- comprehensive chemical analyses of the tribofilms resulting from ad- 
trified and electrified conditions while no significant evidence of oxide ditives (especially under electrified conditions) could not be identified 
formation was found for the sliding cases involving the gear oil. The clearly in our studies. This will be the topic of future research of our 
existence of hematite oxide in the scars can be associated with the higher research group. 

wear volumes produced by electrification for mineral oil and ATF. In the It is known that dielectric constant or strength of the lubricants being 
case of gear oil, the increase of wear was not so significant compared to tested can influence the tribological behavior of test pairs under 
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electrified sliding conditions [27,28], Fig. 11 a and b shows the rela- 
tionship between friction coefficient and wear volume, respectively, to 
the dielectric strength of the lubricants tested. The observed trend sug- 
gests that friction coefficient tends to decrease with increased dielectric 
strength meanwhile wear is increased with dielectric strength for the oils 
tested in our study. The dielectric strength represents the maximum 
voltage required to produce a dielectric breakdown through a material, 
so the higher dielectric strength, the higher the ability to store energy of 
a material. In other words, lubricants with high dielectric strength may 
have poor conductivity, but they have a significant ability to hold ona 
charge with an applied electric field. When the lubricant film does not 
support the electric voltage applied, electrical discharges may occur at 
the conductive interface during sliding. Thus, although the number of 
discharges can be less with higher dielectric strength lubricants, the 
discharges become more powerful promoting more severe sparking wear 
or pitting [5,10,29]. This can explain the trend of wear to increase with 
dielectric strength. On the other hand, electric breakdowns at the 
interface are able to cause local adhesion at the asperities contact, which 
in turn produces increase in CoF. So, CoF tend to decrease by increasing 
dielectric strength because a possible reduction in number of the 
breakdowns (adhesion situations). 


4. Conclusions 


According to the tribological and surface analytical results from our 
study, it can be concluded that passing DC currents through the contact 
interfaces causes significant alterations in the friction coefficient and 
wear volume of the 52100 bearing steels under dry and lubricated 
conditions. In particular, CoF and wear volume increased significantly 
by applying DC current in dry sliding contacts. On the other hand, CoF 
was reduced slightly, while a significant increase in wear was seen under 
lubricated conditions. The increase in wear by electrification in dry and 
lubricated conditions can be ascribed to a more rapid and potent 
oxidation of the surfaces, and consequently, generating large amounts of 
oxide-rich wear particles (as confirmed by Raman Spectroscopy) and 
thus a more extensive three-body abrasion caused by these oxide par- 
ticles. The oxides found over all the wear scars produced by dry and 
lubricated conditions corresponded to hematite (a-Fe203), which has an 
almost similar hardness value as AISI 52100 steel. In addition, the 
relationship of dielectric strength of the tested lubricants to CoF and 
wear suggests that friction coefficient decreases and wear increases, 
with increasing dielectric strength of the oils tested. Finally, the modi- 
fied two-electrode cell-based micro-abrasion test set-up was found to be 
very useful and convenient to simulate the lubricated sliding surfaces of 
an AISI 52100 steel ball against a steel flat (raceway) under unelectrified 
and electrified conditions. 
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